believe that sonocrystallization occurs through an induction in nucleation since cavities or 54 bubbles provide a heterogeneous surface for nucleation [26] . However, others argue that the 55 effect is counterintuitive in that a local temperature increase will reduce or eliminate the 56 supersaturation in the immediate vicinity effectively removing the driving force for 57 nucleation. However, shock waves generated during sonication may contribute to nucleation 58 in the regions of the supersaturated solution somewhat remote from the cavitation event [2] .
59
In the case of lipid sonocrystallization, localized high pressures generated during sonication 60 might result in localized increase in supercooling thus inducing crystallization. Changes 61 observed in crystal size and morphology can be related to the shear forces associated with 62 ultrasound that act to slow growth processes [27] and to break down nascent agglomerates 63 [28].
64
Most of ultrasound studies in fat systems have evaluated the effects of ultrasound approximately 0.04% of the total peak area) were not taken into account.
105

Crystallization Experiments
106
Samples were melted in a microwave oven and then kept in an oven at 80 °C for 30 107 min to eliminate crystal history. The melted sample (100 g) was transferred to a double-108 walled crystallization cell connected to an external water bath that allowed for temperature 109 control (44 °C). This crystallization device was previously described in Martini et al. [18] .
110
The sample was stirred for 10 min using a magnetic stirrer (200 rpm) to improve heat 
Ultrasound Application
117
HIU was applied to the samples after 45 min when a slight turbidity was observed that 118 indicated the presence of crystals. Previous research in our laboratory has shown that greater 119 induction in crystallization is observed when HIU is applied at the onset of crystallization 21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 USA) operating at a frequency of 40 kHz were used to apply the ultrasound pulse. HIU was 123 applied using a 1/2″-diameter tip operating at two tip amplitudes (24 µm and 108 µm) and at 124 three pulse durations (5, 10, and 15 s).
125
Application of High-speed Agitation
126
Samples were crystallized as described above and high-speed agitation was applied 127 using an Ultraturrax (IKA -Labortechnik, Staufen, Germany) at 45 min into the 128 crystallization process. Two probes were used: (a) small probe (S18N 10g -circumference 129 speed max: 9.8 m/s) and (b) big probe (S18N -19g -circumference speed max: 16.6 m/s).
130
Each probe was used at 2 speeds: (a) 6,000 rpm and (b) 24,000 rpm for 10 s.
131
Measurement of Solid Fat Content (SFC)
132
Samples were kept in the cell until the application of sonication or high-speed agitation 133 and then transferred to p-NMR tubes and a test tube using a 10-ml pipettor. Tubes were kept 134 in a water bath set at crystallization temperature (T c ) of 44 ºC. Tubes were tempered at T c in 135 the water bath before the sample was transferred. The crystallization behavior of the samples 136 was followed by measuring SFC. SFC values of samples during crystallization at 44 °C were 137 measured using a NMR minispec mq 20 analyzer (Bruker, California, USA). SFC was 138 measured as soon as the sample was taken out of the crystallization cell and every 2 min until 139 the end of crystallization (90 min).
140
Crystallization Kinetics
141
The SFC vs. time data were fitted to the reparametrized Gompertz model (eq. 1). 21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 
153
Melting Behavior
154
The melting behavior of the crystallized material was evaluated using a differential 22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60   F  o  r  P  e  e  r  R  e  v  i  e  w mm diameter -991036) was used. The geometry temperature was set at 44 °C and a gap of 166 4000 µm was used for these measurements. Oscillatory tests were performed by strain 167 sweep step to obtain viscoelastic parameters such as the storage modulus (G′) from the linear 168 viscoelastic region.
169
Statistical Analysis
170
Crystallization experiments were performed in triplicate and physical properties were 171 measured in triplicate (SFC and crystal microstructure) and duplicate (DSC and elasticity).
172
Significant differences (α = 0.05) were evaluated using two-way ANOVA using GraphPad
Results and Discussion
175
Solid fat content 176 Figure 1 shows the crystallization behavior of IESBO measured by SFC as a function Table 2 . increase was observed for the IESBO sonicated at 20 kHz for 15 s using a 108 µm pulse.
204
Even though sonication for longer times increased the induction time due to an increase in 205 temperature the SFC after 90 min was similar to the other sonicated samples (p > 0.05, Table   206 2). These facts suggest that the thermal effect generated by HIU in longer pulse durations can 207 promote undesirable effects in the crystallization kinetics. were slightly lower than those observed at 20 kHz frequency after 90 min (Table 2 ) but these 214 differences were only significant (p < 0.0001) for sample crystallized at 24 µm for 10 s and at 215 108 µm for 5 s. This suggests that sonication using 40 kHz frequency is also able to induce 216 crystallization; however, higher power levels are needed to obtain a similar SFC after 90 min.
217
When using 40 kHz frequency and amplitude of 108 µm for 15 s, the plateau was reached (Table 3) . Figure 1C shows SFC values as a function of time for IESBO crystallized using high-
236
speed agitation with two different probes and two speeds (6,000 and 24,000 rpm) for 10 s.
237
High-speed agitation was effective in promoting crystallization as shown by a significant 238 increase (p < 0.0001) in SFC for agitation values of 24,000 rpm ( Table 2 ). As expected,
239
higher agitation rate produces changes in crystallization [34] . With the exception of the 240 sample crystallized using the big probe at 6,000 rpm all other high-speed treated samples
241
were well fitted to the Gompertz model (Table 3) . Kinetic parameters (Table 3) showed 
2D
show bubbles generated during the use of high-speed agitation using 24,000 rpm and 253 6,000 rpm of speed respectively. These images show that a greater amount of bubbles and 254 agitation is generated with the 20 kHz tip compared to the 40 kHz one for the same tip 255 amplitude suggesting that cavitation events generated at 20 kHz and 40 kHz are different.
256
Sonication at 20 kHz produced mostly very small bubbles associated with shear and for samples sonicated at 40 kHz compared to the 20 kHz samples (Table 4) .
262
Figures 2C and 2D show IESBO treated with high-speed agitation (24,000 rpm or 263 6,000 rpm) and through these images it is possible to observe that agitation levels produced
264
by the ultraturrax at the speed of 24,000 rpm was much higher than the agitation produced by 265 sonication (20 and 40 kHz). This higher agitation levels explain the higher SFC obtained 266 using 24,000 rpm compared to the sonicated IESBO. However, the agitation produced at the 267 speed of 6,000 rpm resembles that observed in the sonication using the frequency of 20 kHz.
268
The effect of high agitation on lipid crystallization has been widely described by others [22, 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 increase in the crystallized area is observed in the PLM images.
283
As previously described for the SFC data crystal microstructure show that the 284 frequency of 20 kHz induced crystallization, mainly using amplitudes of 24 and 108 µm for 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 High-speed agitation at 6,000 rpm also induced crystallization but after 50 min of 308 crystallization only few big crystals were observed that after 90 min formed a dense network 309 with heterogeneous clusters and voids between these clusters. Probably this speed (6,000 310 rpm) was not high enough to induce as much nucleation as the one generated using 24,000 Figure 5A) show that sonication produces changes in the melting profiles.
321
The melting profile of the non-sonicated IESBO showed a main peak at 51.7 ± 1.2 °C with a 322 shoulder at 59.39 ± 1.25 °C indicating some level of fractionation. IESBO sonicated at a 323 frequency of 20 kHz using 24 µm of amplitude for 10 s and 108 µm of amplitude for 5 and 324 10 s showed melting profiles with only one peak, and this peak was sharper than the one 325 obtained for the non-sonicated sample and no shoulder was observed at higher temperatures.
326
This sharper melting peak suggest co-crystallization of the triacylglycerols (TAGs) promoted 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 Table 5) 332 indicating that the amount of crystallized fat was significantly higher for these samples, 333 which correspond to the higher SFC obtained after 90 min of crystallization (Table 2) .
334
However, for samples sonicated using 108 µm amplitude for 15 s the melting profile showed The elasticity of the IESBO subjected to high-speed agitation ( Figure 6B ) was 370 significantly higher (p < 0.0001) than non-sonicated ones only for samples crystallized using 371 24,000 rpm agitation with both probes. Despite the samples subjected to high-speed agitation 372 showed significantly higher SFC (Table 2 ) and the PLM (Figure 4) showed a microstructure 373 with a large crystallized area, which resembles the 20 kHz frequency, the G 'values for negative effects on physical properties due to a significant increase in temperature. Even 21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 F o r P e e r R e v i e w 19 though crystallization was also induced when higher frequencies of 40 kHz were used higher 398 amplitude (108 µm) for long pulse duration (15 s) were needed to effectively change the 399 physical properties since higher frequencies generated fewer cavities during sonication.
400
High-speed agitation showed that agitation also improved the physical properties of IESBO.
401
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